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Abstract
Age-related cognitive decline is one of the most haunting aspects of
human aging. In a recent publication, Coleen Murphy and colleagues describe
the transcriptional program that maintains youthful function of aging neurons
in the nematode worm.
Main body
For many of us, old age will be marked by deteriorating cognitive
performance, ranging from slightly disconcerting difficulties in remembering a
telephone number to highly debilitating and progressive dementias, such as
Alhzeimer’s (Morrison and Baxter, 2012). Such cognitive impairments are
often the most devastating aspect of human aging on a personal level. The
alarming increase in the proportion of elderly individuals in our societies has
fueled the search for interventions to ameliorate health in older humans. In a
recent publication, a Princeton University research group led by Coleen
Murphy describes the transcriptional circuit that acts to improve the
performance of aging neurons in the nematode worm, Caenorhabditis
elegans, maintaining youthful capacity for learning, memory and axon
regeneration in older individuals (Kaletsky et al., 2016).
Aging is a complex phenomenon, yet we now know that it can be
modulated by a growing number of environmental, pharmacological or genetic
interventions. Reduction in the signals propagated through the nutrient
sensing pathways, such as the insulin/IGF-signaling pathway, can extend
animals’ lifespan and improve health in old age. Dampening of insulin-like
signals remodels the transcriptional landscape by activating the Forkhead Box
O (FoxO) class of transcription factors to promote health and survival in old
age (Murphy et al., 2003). Indeed, FoxOs are evolutionarily conserved
longevity determinants, and FoxO3 is one of two genes consistently
associated with human longevity (Morris et al., 2015). Hence, understanding
transcriptional regulation by FoxOs may hold the key to a healthy old age.
Similar to the age-related cognitive decline in humans, nematode
worms lose their capacity to learn and remember as they age, while their
neuronal cells, like their human counterparts, lose their ability to regenerate
axons after injury. These deficits can be improved by activation of the sole
FoxO ortholog present in the worm: DAF-16 (Byrne et al., 2014; Kauffman et
al., 2010). But how does DAF-16 do this? Previous work has characterized
DAF-16-driven transcriptional changes in whole worms, defining genes
important in longevity (Murphy et al., 2003); however, these can mostly be
mapped to the worm’s intestine and hypodermis, leaving it unclear how DAF-
16 acts in neurons to preserve their long-term functioning.
To answer this question, Kaletsky, Lakhina and colleagues isolated
adult neurons and determined their transcript profiles, charting a
transcriptional landscape distinct from larval and embryonic neuronal
transcriptomes. Characterizing the transcriptional changes caused by the
activation of DAF-16, the researchers show DAF-16 neuronal targets to be
distinct from the previously described, whole-worm targets. In non-neuronal
tissues, DAF-16-regulated genes predominantly encode metabolic functions,
while in adult neurons, DAF-16 regulates neuron-specific genes, such as
serpentine, neuropeptide and octopamine receptors (Kaletsky et al., 2016;
Murphy et al., 2003). This cell-type specificity is an emerging pattern in FoxO
biology: FoxOs target genes suitable for functional maintenance of the
specific cells in which FoxOs are activated.
Importantly, the researchers used functional assays to demonstrate
that neuronal DAF-16 targets are required for enhanced memory or improved
axonal regeneration when insulin-like signaling is inhibited. Similar to the
effect of non-neuronal DAF-16 targets on longevity, concerted regulation of a
number of neuronal genes appears to contribute to the functional outcome.
The broad network of memory-extending genes engaged by activated DAF-16
is already expressed in wild-type neurons. Thus, DAF-16 appears to preserve
normal neuronal function rather than compensate through an alternative
mechanism.
The neuronal DAF-16 transcriptional network is complex: the results of
Kaletsky, Lakhina and colleagues suggest that, in adult worm neurons, DAF-
16 mobilizes up to 60 other transcription factors to indirectly drive the
transcriptional changes instigated by insulin reduction. As part of this intricate
web of transcriptional regulators, the study identified another forkhead
transcription factor: FKH-9. DAF-16 binds directly to the fkh-9 promoter to
activate fkh-9 transcription. Interestingly, fkh-9 is required not only in neurons
to maintain their health, but also in non-neuronal tissues to achieve the
longevity in an insulin-signaling mutant (Figure 1). A detailed investigation of
its interplay with DAF-16 and the evolutionary conservation of neuro-
protective potential of FKH-9 is now warranted.
Neurons in adult C. elegans are terminally differentiated, post-mitotic
cells. In this respect, the current study complements previous work on the
function of FoxO factors in the mouse. In mammals, neural stem cells in
defined brain regions can self-renew and generate most of the cell lineages
constituting the mammalian nervous system, ensuring its function and
homeostasis. FoxOs safegard the maintenance of these cells in adult mice by
constraining their proliferation (Chen and Finkel, 2009). Furthermore, a FoxO
factor (FoxO6) is required for memory consolidation in mice, transcriptionally
regulating genes involved in synaptic function (Salih et al., 2012). Hence,
FoxOs may act in both terminally differentiated neurons and the neural stem
cells to maintain healthy nervous system performance with age.
Kaletsky, Lakhina and colleagues identify a transcriptional program that
enhances neuronal health in aging worms, thus opening promising avenues
towards improved cognitive performance in older humans. Their findings may
be also relevant in a disease context. In humans, age is the main risk factor
for dementia. The etiology of many neurodegenerative diseases includes the
accumulation of toxic protein aggregates, and aging neurons may be
particularly sensitive to such insults. Indeed, age of exposure is an
independent factor increasing vulnerability to toxic peptides in a fly model of
Alhzeimer’s disease (Rogers et al., 2012). DAF-16 is already known to
counteract toxic protein aggregation (Cohen et al., 2006). It would be
interesting to examine whether the mechanisms whereby activated DAF-16
helps aging neurons maintain youthful function can be exploited for treatment
or prevention of neurodegenerative diseases.
As we build our understanding of how FoxOs preserve health in old
age, it is important to finely delineate the extent of evolutionary conservation
of FoxO longevity programs. We should continue exploring the complexity of
transcriptional regulation by FoxOs, aiming at a holistic understanding of all
the players involved and their interactions, mapping the longevity-assuring
transcriptional networks within specific cell types as well as entire organisms.
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Figure caption
Figure 1. DAF-16 and FKH-9 in neuronal health and lifespan. DAF-
16 and FKH-9 act in neurons to promote neuronal health while they are also
required in non-neuronal tissues to enhance lifespan under conditions of
reduced insulin-like signaling. DAF-16 directly regulates transcription of fkh-9,
in at least some cell types. More speculative links are indicated by thinner
lines.
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